The application of AISI 304 austenitic stainless steel in various industrial fields has been greatly increased, but poor machinability classifies AISI 304 as a difficult-to-cut material. This study investigated the tool wear, surface topography, and optimization of cutting parameters during the machining of an AISI 304 flange component. The machining features of the AISI 304 flange included both cylindrical and end-face surfaces. Experimental results indicated that an increased cutting speed or feed aggravated tool wear and affected the machined surface roughness and surface defects simultaneously. The generation and distribution of surface defects was random. Tearing surface was the major defect in cylinder turning, while side flow was more severe in face turning. The response surface method (RSM) was applied to explore the influence of cutting parameters (e.g., cutting speed, feed, and depth of cut) on surface roughness, material removal rate (MRR), and specific cutting energy (SCE). The quadratic model of each response variable was proposed by analyzing the experimental data. The optimization of the cutting parameters was performed with a surface roughness less than the required value, the maximum MRR, and the minimum SCE as the objective. It was found that the desirable cutting parameters were v = 120 m/min, f = 0.18 mm/rev, and a p = 0.42 mm for the AISI 304 flange to be machined.
Introduction
Among the existing types of stainless steel, austenitic stainless steel is currently the most widely used and consumed in industry [1] . AISI 304 austenitic stainless steel is highly applied in high-tech fields such as aviation, nuclear power, medicine, and shipping because of its excellent comprehensive performance in high-temperature and strong corrosion conditions. Austenitic stainless steel has the characteristics of poor thermal conductivity and easy work hardening [2] [3] [4] . Its physical and mechanical properties greatly affect its cutting performance, making its machinability worse than other alloy steels; hence, it belongs to the category of difficult-to-cut metals.
Poor surface quality and severe tool wear are two of the most concerning problems in stainless steel machining [5, 6] . Therefore, it is significant to investigate the machinability of stainless steel for optimizing the machining process. Ahmed et al. [7] proposed that the reasonable control of built-up edge (BUE) could effectively improve the machining surface quality of stainless steel. Both Özbek et al. [8] and Patil et al. [9] adopted cryogenically treated cutting tools to turn austenitic stainless steel. It was found that cryogenically treated cutting tools were not only more wear-resistant, but could also reduce the surface roughness to a certain extent. Mahdavinejad and Saeedy [10] explored the role of cutting
Materials and Methods

Workpiece Material and Cutting Tool
To run the experiments, AISI 304 was chosen as the experimental material which is often used to make equipment and parts that require a good overall performance. The composition and physical properties of AISI 304 are shown in Tables 1 and 2. The tests were carried out with Sandvik's turning inserts CNMG 120404-SF H13A (Sandvik, Sandwich, Sweden). The tool had an effective working rake of 9 • and an edge inclination angle of 6 • . 
Experimental Equipment
The experimental equipment was displayed in Figure 1 . In this study, all the experiments were conducted using a turning lathe PUMA 200M (Daewoo, Seoul, Korea) under dry conditions. The maximum driving power of this lathe was 15 kW, and the maximum spindle speed was 6000 rpm. Scanning electron microscopy (SEM) SH-3000 (Zeiss, Oberkochen, Germany) was employed to photograph tool wear and machined surface defects. A laser scanning confocal microscope VK-X250K (Keyence, Osaka, Japan) was used to obtain the 3D surface morphology and measure surface roughness. In addition, the power consumed at the input of the machine was measured with a Fluke 434 energy analyzer (Fluke, Everett, WA, USA). All experiments were continuously performed without shutting down the machine tool. Power data acquisition started from machine tool start-up until all programs were completed. Metals 2019, 9, 
The experimental equipment was displayed in Figure 1 . In this study, all the experiments were conducted using a turning lathe PUMA 200M (Daewoo, Seoul, Korea) under dry conditions. The maximum driving power of this lathe was 15 kW, and the maximum spindle speed was 6000 rpm. Scanning electron microscopy (SEM) SH-3000 (Zeiss, Oberkochen, Germany) was employed to photograph tool wear and machined surface defects. A laser scanning confocal microscope VK-X250K (Keyence, Osaka, Japan) was used to obtain the 3D surface morphology and measure surface roughness. In addition, the power consumed at the input of the machine was measured with a Fluke 434 energy analyzer (Fluke, Everett, WA, USA). All experiments were continuously performed without shutting down the machine tool. Power data acquisition started from machine tool start-up until all programs were completed. 
Design of Experiments
Cylindrical and end-face surfaces are the main process features of machining flanges. Hence, tool wear and the surface topography of two process features were explored in the present work. Cylinder turning experiments were performed at different cutting speeds of 50 and 100 m/min, various feed of 0.1 and 0.2 mm/rev, and a constant depth of cut of 0.5 mm. In face turning, the spindle speed remained constant at 450 rpm. Tests were accomplished at different feed rates of 0.1 and 0.2 mm/rev and various depths of cut of 0.3 and 0.5 mm.
In the present work, RSM was utilized to study the impact of cutting parameters on the surface quality, machining efficiency, and cutting energy consumption during cylinder turning. Cutting parameters were the experimental variables, and the response variables were SCE, MRR, and surface roughness. The experimental scheme is shown in Table 3 . 
Results and Discussions
Tool Wear
In this study, tool wear patterns in turning of AISI 304 were analyzed. The tool wear patterns in cylinder turning and face turning are shown in Figures 2 and 3 , respectively. The main types of tool wear included crater wear, flank wear, notch wear, BUE, built-up layer (BUL), chipping, etc. As displayed in Figure 2a , material particles formed BUE on the rake face under the condition v = 50 m/min, f = 0.1 mm/rev. BUE effectively protected the tool tip, so that the tool wear was less severe. Under a higher cutting speed (v = 100 m/min, f = 0.1 mm/rev), BUE disappeared. The material particles formed BUL on the rake face, which can be seen in Figure 2b . This was attributed to the high amounts of heat generated as the speed increased, which softened the material and made it difficult to form BUE. In Figure 2c , a slight chipping occurred at the tip of tool under the condition v = 50 m/min, f = 0.2 mm/rev. Furthermore, it is obvious that the crater wear was more serious, and the notch wear also increased. This was because the cutting speed was low, but the feed was large, and the thermal softening of materials was not significant, which caused the cutting edge to crack easily. In Figure 2d , the tool wear was the most severe under the parameters v = 100 m/min, f = 0.2 mm/rev, and the flank wear was the main tool wear pattern. Chipping did not occur under these parameters. A large amount of heat was produced due to the high cutting parameters, which made the metal highly softened. This also explains why the BUE did not form. 
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Surface Topography
Surface Defects
There were many small defects on the machined surface. Photographs of machined surface defects taken by SEM are shown in Figures 4 and 5. In the present study, the most common types of surface defects were tearing surface, scratch marks, feed marks, side flow, plastic flow, plowing grooves, and adhered material particles. These defects had a great effect on the service life of parts. This chapter will discuss the causes of surface defects. Figure 4 presented the surface defects of the cylinder turning surface. In the cutting process, BUE was formed at the tip of the tool. The BUE was unstable during the cutting process, and the material particles were formed after dropping off, and adhered to the processed surface as displayed in Figure 4b -c. As shown in Figure 4a , severe tearing surface existed on the machined surface, which was related to the extrusion and friction of BUE and material particles. Tearing surface was the major defect in cylinder turning. Feed marks were formed by cutting residues between adjacent tool paths, and its characteristics are displayed in Figure 4f . It was generated by the relative movement of tool and workpiece and distributed in parallel lines. The width between tool paths was related to the feed rate. Side flow occurred on the feed marks as can be seen in Figure 4f . The metal was softened by the high cutting temperature during turning and was extruded by the tool to produce side flow. In addition, some scratch marks were observed as presented in Figure 4d . This type of defect was mainly caused by scratching of chips. 
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3D Surface Topography
For the sake of analyzing the influence of different processing parameters on the surface topography, 3D surface topography of the machined surface was measured. Figures 6 and 7 presents the 3D surface topography of the machined surface in cylinder turning and face turning, respectively. The machined surface presented regular peaks and valleys. The width between adjacent peaks equals the values of feed. As can be seen from Figure 6 , the peak height of the cylinder turning surface at a lower speed was higher than that at a higher speed, and a higher feed corresponded to a higher peak height. As can be seen from Figure 7 , the surface characteristics in face turning varied greatly with different parameters. The peak height of the machined surface at a lower feed was lower than that at a higher feed. Similarly, the peak height was higher under a larger depth of cut than under smaller ones. Figure 5 . Surface defects of turned face surfaces, (a) a p = 0.5 mm, f = 0.1 mm/rev; (b) a p = 0.5 mm, f = 0.1 mm/rev; (c) a p = 0.5 mm, f = 0.2 mm/rev; (d) a p = 0.5 mm, f = 0.2 mm/rev; (e) a p = 0.3 mm, f = 0.1 mm/rev; (f) a p = 0.3 mm, f = 0.2 mm/rev.
For the sake of analyzing the influence of different processing parameters on the surface topography, 3D surface topography of the machined surface was measured. Figures 6 and 7 presents the 3D surface topography of the machined surface in cylinder turning and face turning, respectively. The machined surface presented regular peaks and valleys. The width between adjacent peaks equals the values of feed. As can be seen from Figure 6 , the peak height of the cylinder turning surface at a lower speed was higher than that at a higher speed, and a higher feed corresponded to a higher peak height. As can be seen from Figure 7 , the surface characteristics in face turning varied greatly with different parameters. The peak height of the machined surface at a lower feed was lower than that at a higher feed. Similarly, the peak height was higher under a larger depth of cut than under smaller ones. Metals 2019, 9, 
Optimization
The experiments corresponding to the cutting parameters in Table 3 were carried out, and important experimental data, such as surface roughness and input power of the turning lathe, were measured. The results of three response variables are shown in Table 4 .
Sa is a roughness evaluation parameter based on regional morphology. It is used to represent the roughness of a two-dimensional surface topography. It describes surface roughness more comprehensively than Ra, which reflects roughness of a one-dimensional contour. Sa can be calculated by Equation (1). 
Sa is a roughness evaluation parameter based on regional morphology. It is used to represent the roughness of a two-dimensional surface topography. It describes surface roughness more comprehensively than Ra, which reflects roughness of a one-dimensional contour. Sa can be calculated by Equation (1). Figure 7 . 3D surface topography in face turning, (a) a p = 0.5 mm, f = 0.1 mm/rev; (b) a p = 0.5 mm, f = 0.2 mm/rev; (c) a p = 0.3 mm, f = 0.1 mm/rev; (d) a p = 0.3 mm, f = 0.2 mm/rev.
Sa is a roughness evaluation parameter based on regional morphology. It is used to represent the roughness of a two-dimensional surface topography. It describes surface roughness more comprehensively than Ra, which reflects roughness of a one-dimensional contour. Sa can be calculated by Equation (1). where, z(x, y) is the distance from the point on the surface contour to the reference plane, and A is the measurement area. MRR reflects the processing efficiency of the corresponding cutting parameters. MRR can be obtained using Equation (2) .
SCE refers to the energy consumed by removing material per unit volume. It can not only reflect the corresponding relationship between the cutting energy consumption and MRR, but also indicate the energy efficiency of the turning lathe. The SCE is determined according Equations (3) and (4).
where, P refers to the total power, and P 0 is the idle power. The idle power consists of standby power and spindle rotation power. P c represents the power consumed by the material removal. In the present research, Design-Expert software was utilized to analyze the relationships between three response variables and processing parameters based on RSM. The quadratic model of each response variable was developed by analyzing the experimental data. The models of each response were given as Equations (5) ANOVA was carried out to evaluate the accuracy of the above models, and the results are shown in Table 5 . R 2 was close to 1, implying that the model fitted better. The Pred. R 2 indicated that the model could be applied to predict response values [24] . The relationship of the predicted and actual values of surface roughness, MRR, and SCE are displayed in plots in Figure 8 , respectively. As can be seen from the figures, all points were distributed around the diagonal line. It suggested that the error of the predicted value was very small. This result further verified the goodness of fit and accuracy of the developed models. (7) ANOVA was carried out to evaluate the accuracy of the above models, and the results are shown in Table 5 . R 2 was close to 1, implying that the model fitted better. The Pred. R 2 indicated that the model could be applied to predict response values [24] . Figure 9a is a perturbation plot, which can clearly help to compare the influence of each factor on surface roughness. A, B, and C in the figure represented cutting speed, feed, and depth of cut, respectively. It was obvious that the Sa decreased gradually with Figure 9 consists of a perturbation diagram and three contour plots. It describes the impact of factors on the surface roughness. Figure 9a is a perturbation plot, which can clearly help to compare the influence of each factor on surface roughness. A, B, and C in the figure represented cutting speed, feed, and depth of cut, respectively. It was obvious that the Sa decreased gradually with increasing cutting speed but increased with the rise of feed. The feed rate was the dominant factor affecting the surface roughness. The Sa first fell and then rose with the development of the depth of cut. This was related to work hardening behaviors of AISI 304. The depth of the hardened layer of AISI 304 austenitic stainless steel was 0.1-0.3 mm [25] . Therefore, avoiding a hardened layer as far as possible was beneficial to improving the quality of the machined surface. The interaction terms were included in the quadratic model developed previously. The contour plots in Figure 9b -d visually illustrated the interaction between the cutting parameters. Figure 9b,d suggests that the smaller the feed, the smaller the surface roughness. A global minimum point can be found from Figure 9c , at which the Sa was the smallest. increasing cutting speed but increased with the rise of feed. The feed rate was the dominant factor affecting the surface roughness. The Sa first fell and then rose with the development of the depth of cut. This was related to work hardening behaviors of AISI 304. The depth of the hardened layer of AISI 304 austenitic stainless steel was 0.1-0.3 mm [25] . Therefore, avoiding a hardened layer as far as possible was beneficial to improving the quality of the machined surface. The interaction terms were included in the quadratic model developed previously. The contour plots in Figure 9b -d visually illustrated the interaction between the cutting parameters. Figure 9b,d suggests that the smaller the feed, the smaller the surface roughness. A global minimum point can be found from Figure 9c , at which the Sa was the smallest. The impact of three factors on MRR can be clearly seen from the perturbation plot in Figure 10a . It is easy to see that all three cutting parameters had a significant positive impact on MRR. The increase of feed and depth of cut had a greater effect on MMR than that of cutting speed. Figure 10b d depicts the influence of the interaction among three cutting parameters. It is not difficult to find that the maximum MRR, i.e., the maximum processing efficiency, can be obtained when all three parameters were maximized. The impact of three factors on MRR can be clearly seen from the perturbation plot in Figure 10a . It is easy to see that all three cutting parameters had a significant positive impact on MRR. The increase of feed and depth of cut had a greater effect on MMR than that of cutting speed. Figure 10b -d depicts the influence of the interaction among three cutting parameters. It is not difficult to find that the maximum MRR, i.e., the maximum processing efficiency, can be obtained when all three parameters were maximized. SCE was related to cutting power and MRR. Cutting power was the energy consumed per time unit by the machine tool to remove material. Therefore, the higher the material removal rate, the higher the corresponding cutting power. However, SCE was equal to the ratio of cutting power to MRR. It was difficult to estimate the influence of the cutting parameters on SCE directly. Figure 11 presents the effect of the factors on SCE. The perturbation plot in Figure 11a illustrated that all three cutting parameters had a negative impact on SCE. The cutting speed and feed had a greater impact on SCE, while depth of cut had a relatively insignificant impact. Figure 11b -d depicts the effects of the interaction terms of three experimental variables on SCE. Figure 11b illustrates that increasing cutting speed and feed led to a reduction of SCE. It is easy to see from Figure 11c that when the cutting speed was at a low level, the depth of cut had a slight influence on SCE. However, a higher depth of cut was beneficial to reduce SCE, when the cutting speed was higher. It can also be seen from Figure 11d that the depth of cut had a slight influence on SCE when the feed was small, and the depth of cut had a greater influence on SCE when the feed was large. In general, a smaller SCE was obtained when the cutting parameters were larger. SCE was related to cutting power and MRR. Cutting power was the energy consumed per time unit by the machine tool to remove material. Therefore, the higher the material removal rate, the higher the corresponding cutting power. However, SCE was equal to the ratio of cutting power to MRR. It was difficult to estimate the influence of the cutting parameters on SCE directly. Figure 11 presents the effect of the factors on SCE. The perturbation plot in Figure 11a illustrated that all three cutting parameters had a negative impact on SCE. The cutting speed and feed had a greater impact on SCE, while depth of cut had a relatively insignificant impact. Figure 11b -d depicts the effects of the interaction terms of three experimental variables on SCE. Figure 11b illustrates that increasing cutting speed and feed led to a reduction of SCE. It is easy to see from Figure 11c that when the cutting speed was at a low level, the depth of cut had a slight influence on SCE. However, a higher depth of cut was beneficial to reduce SCE, when the cutting speed was higher. It can also be seen from Figure 11d that the depth of cut had a slight influence on SCE when the feed was small, and the depth of cut had a greater influence on SCE when the feed was large. In general, a smaller SCE was obtained when the cutting parameters were larger. In actual production, the roughness of the machined surface is a dominant indicator for evaluating the quality of a workpiece. It is generally required that the surface roughness is less than a given value. Under the premise of ensuring the surface quality, it is desirable to improve productivity and reduce energy consumption. Therefore, it is very important to optimize the processing parameters for actual production.
In this study, the desirability function was employed to achieve the optimization of the cutting parameters. Desirability ranges from 0 to 1. The closer it approaches 1, the more desirable it is. It is defined as Equation (8). n is the number of responses, di is the desirability function for each response, and ri is related to the importance of the corresponding response. 
The process requirement of the flange was that the surface roughness was less than 1.6 μm. While meeting the process requirement, the goal was to achieve a maximum MRR and minimum SCE. Design-Expert software was employed to optimize the cutting parameters with the multi-objective function. The weights of the three optimization objectives were equal. The results of the optimization of the cutting parameters are presented in Table 6 . It is obvious that the most desirable cutting parameters are v = 120 m/min, f = 0.18 mm/rev, and ap = 0.42 mm. In actual production, the roughness of the machined surface is a dominant indicator for evaluating the quality of a workpiece. It is generally required that the surface roughness is less than a given value. Under the premise of ensuring the surface quality, it is desirable to improve productivity and reduce energy consumption. Therefore, it is very important to optimize the processing parameters for actual production.
In this study, the desirability function was employed to achieve the optimization of the cutting parameters. Desirability ranges from 0 to 1. The closer it approaches 1, the more desirable it is. It is defined as Equation (8). n is the number of responses, d i is the desirability function for each response, and r i is related to the importance of the corresponding response.
The process requirement of the flange was that the surface roughness was less than 1.6 µm. While meeting the process requirement, the goal was to achieve a maximum MRR and minimum SCE. Design-Expert software was employed to optimize the cutting parameters with the multi-objective function. The weights of the three optimization objectives were equal. The results of the optimization of the cutting parameters are presented in Table 6 . It is obvious that the most desirable cutting parameters are v = 120 m/min, f = 0.18 mm/rev, and a p = 0.42 mm. 
Conclusions
In this research, experiments involving AISI 304 austenitic stainless steel and an uncoated fine tool under different cutting parameters were conducted. The following conclusions can be drawn.
(1) The main types of tool wear included crater wear, flank wear, notch wear, BUE, BUL, chipping, etc. In cylinder turning, BUE formed at a lower speed, and lower feed effectively protected the tool tip and reduced tool wear. The rise of cutting speed or feed aggravated tool wear. In face turning, the impact of depth of cut and feed on tool wear was relatively insignificant. (2) There were a lot of defects on the surface for both cylindrical turning and face turning. The main types of surface defects included tearing surface, adhered material particles, scratch marks, feed marks, side flow, plastic flow, and plowing grooves. Tearing surface was the major defect in cylinder turning, while side flow was more severe in face turning. The generation and distribution of surface defects was random, and there was no obvious change trend under different cutting parameters. (3) The turning surface presented regular peaks and valleys. Peak height of the cylinder turning surface at a lower cutting speed was higher than that at a higher speed, and higher feed corresponded to higher peak height. In face turning, the peak height of the machined surface at a lower feed was lower than that at a higher feed, and it was higher under a larger depth of cut than under a smaller one. (4) The effect of the cutting parameters on surface roughness, MRR, and SCE was studied.
The quadratic model of each response variable was proposed by analyzing the experimental data. The RSM was employed to achieve the optimization of the cutting parameters, with the surface roughness below 1.6 µm, the maximum MRR, and the minimum SCE as the objective. The optimization of the cutting parameters was carried out when the three desired responses were in equal weight, and the most desirable cutting parameters are v = 120 m/min, f = 0.18 mm/rev, and a p = 0.42 mm.
